, direct transfer ofa block of nucleotides from one cut DNA strand to the other (5), or generation and breakdown of a hairpin DNA intermediate (7, 8) .
insertions to a hairpin precursor, providing strong evidence for the notion that a hairpin DNA intermediate exists in V(D)J recombination. A comparison of hairpin end joining in various cells, including those derived from mice with the severe combined immunodeficiency (scid) mutation, is presented.
Two types of insertion are found in V(D)J junctions (V, variable; D, diversity; J, joining) (reviewed in ref. 1) . Each provides a clue to the enzymatic operations accomplishing antigen receptor gene assembly in B and T cells. One type of insertion, random in sequence, is termed an N region and has been shown to be due to the activity of terminal deoxynucleotidyltransferase in rearranging lymphoid cells (2, 3) . A second type, termed P insert, occurs adjacent to nontruncated V, D, or J segments (ref. 4 ; reviewed in ref. 1) and constitutes a very short inverted repeat of the adjacent full-length gene segment. Although infrequent (occurring in <10%o of endogenous junctions), these "palindromic" insertions have been demonstrated with artificial joining constructs (5) and where terminal deoxynucleotidyltransferase activity is absent (2, 3) . Similar junctional inserts have been observed in the case ofplant transposons where, upon exit of the transposable element, a resealed genomic site sometimes exhibits inverted repeat DNA sequence (6, 7) . Various mechanisms have been suggested to account for the presence of short inverted repeats at junctions-for example, template switching by a DNA polymerase (6) , direct transfer ofa block of nucleotides from one cut DNA strand to the other (5), or generation and breakdown of a hairpin DNA intermediate (7, 8) .
In the case of V(D)J joining, there is some direct evidence for a hairpin structure: thymus DNA preparations contain cleaved molecules sealed by a 5'-to-3' closure at the tip (9) . As demonstrated by Southern blot hybridization analyses, the covalently closed breaks were mapped to specific recombination sites within the T-cell receptor 8 locus (9) . One intriguing aspect of the study was that the covalently sealed ends were readily demonstrated in scid but not in wild-type samples (9) . The severe combined immunodeficiency associated with this mutation in mice has been traced to ineffective V(D)J joint formation (10) , but scid cells also exhibit joining defects of a more general nature. Both lymphoid and nonlymphoid lineages are hypersensitive to DNA-damaging agents, particularly those creating double-strand breaks (11) (12) (13) . An hypothesis that unifies the V(D)J joining and DNArepair phenotypes in scid is that an endonuclease required for hairpin resolution in V(D)Jjoining is defective in scid animals (9) . Although critical for antigen receptor gene assembly, the endonuclease would also play a role in certain modes ofDNA repair, explaining the pleiotropic effects of the scid mutation. Accordingly, a putative "hairpin nick-ase" would be expected to have a wide tissue distribution.
To determine whether hairpin DNA is in fact a metabolizable substrate in eukaryotic cells, and, if so, to investigate the relationship between hairpin processing and P nucleotide insertion, a linear DNA with covalently closed termini ( Fig.  1 were isolated. The two purified DNA fragments were denatured by heating at 100°C for 4 min, the MgCl2 concentration was adjusted to 10 mM, and samples were allowed to cool to room temperature. Self-annealing, which folds the fragments Abbreviations: V, variable; D, diversity; J, joining.
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Proc. Natl. Acad. Sci. USA 91 (1994) isolates; data not shown). In early experiments, recircularized molecules were isolated that included partial duplications, large deletions, and inserts of >100 bp. These were extensively characterized; however, they proved atypical in that retransformation of the same transfected samples on a new lot of selective plates consistently yielded higher numbers of recombinants, and the randomly selected isolates from the later transformations all had a simple recircularized structure. The DNA sequence of the more highly rearranged molecules was determined (data not shown), and, despite their more scrambled structure, the frequency and length of P insertions at full-length ends was no different than evidenced by the retransformed samples ( Fig. 3 , isolates 101-114). Nor were there any differences between wild-type and scid collections. Data from these analyses were thus included in the totals shown in Table 2 (columns 4-6).
DNA Sequence Determinations and Assignment of Residues
Within Junctions. DNA sequence determination (Sanger method) was performed with four primers (sequences furnished upon request) that annealed at positions -26 and -108 on the left terminus and -16 or -144 residues from the right end. Junctions with identical sequences were listed (and scored) only where isolated from independent transfections. In Fig. 3 , residues that might be assigned to either oftwo ends were written so that they would, ifpossible, comprise at least one full-length terminus (thus, a maximum value for fulllength ends is provided). Residues that might belong either to an input end or to a P insert were always assigned to the end, not the insert. Likewise, where alternative assignments involved two P inserts, residues were assigned so as to provide minimum values for the number and length of P inserts.
Substrate Purity. Five nanograms of the hairpin DNA preparation did not result in any transformants when introduced directly into E. coli. The "parental" circular plasmid pJH298 DNA gave 3.2 x 104colonies per ng, while the 7.7-kb Sal I/BamHI linear DNA gave rise to 21 
Amount of hairpin DNA in preparations 1 and 2 was estimated to be within the ranges shown. The 7.7-kb conventional linear fragment was prepared as described for the first step of the hairpin preparation in Materials and Methods.
tNumbers of Camr colonies (raw counts) are shown. All transformations were done in parallel with control DNA; uptake efficiency was 2.0-2.5 x 109 transformants per Ag of pUC19.
removal, was not the principal mechanism. Of particular note was the fact that the chloramphenicol-resistant molecules, which are the focus ofthe remainder ofthe study, represented the majority population.
Further characterization revealed that mostjunctions (listed above dashed lines in Fig. 3 ) contained at least one full-length end. Significantly, 32 of the 44 full-length ends (73%) possessed attached P inserts ( Fig. 3, boldface; data not shown). A direct implication of this result is that in a large number of cases the hairpin ends were opened through the introduction of a single-strand nick near the terminus. Moreover, while some of the full-length termini lacked adjacent P nucleotides, and as such might have been formed by nicking the hairpin structure at the exact tip, those with P insertions must have been cut open at a location away from the exact apex. The left end, for example, was nicked on one strand at a position at least 5 residues in from the tip in four independent isolates (Fig. 3, HPS-103 ; data not shown). Thus, while several different routes of hairpin end processing could be envisioned (see Discussion) , in actuality, the tested cells metabolized hairpin DNA in a way that gave rise to palindromic junctional insertions.
Hairpin resolution junctions isolated from either wild-type or scid lymphoid cells were compared as shown in Fig. 3 A and B. There were no conspicuous differences in the frequency and length of P insertions or the degree of end truncation (Table 2 and Fig. 3 ). The similarity in hairpin end processing by the two cell lines was underscored by the fact that several sets of identical junctions were isolated from each (Fig. 4) . Moreover, scid and wild-type cell lines generated similar numbers of recircularized molecules ( Table 1) . The concentration of DNA in the transfection mixture was very low; the ratio of DNA molecules to cells was only on the order of -400:1, and there were no quantifiable differences between scid and wild-type cells whether or not carrier DNA was included (Table 1 ). This ruled out the possibility that high DNA levels might have obscured a difference in DNAjoining proficiency. In short, there was no evidence for a hairpin resolution defect in scid cells (Tables 1 and 2; Fig. 3 Table 2 . Properties of junctions formed via hairpin end joining Sample % Camr (n)* % full-length ends (n)t Ends with P (n)t No. of P 2 3 (n)t No. of P = 5 (n) § . n, Total number of isolates, or ends, analyzed for each determination. Entries in columns 3-6 refer to chloramphenicol-resistant (Camr) recircularized products. Column 4 gives the number offull-length ends in each sample that exhibited P addition. In columns 5 and 6, the length of those P inserts is shown. *Transformants were plated on ampicillin; individual colonies were then picked and streaked on medium containing ampicillin only and ampicillin plus chloramphenicol. tFull length ends, defined as shown in Fig. 3 , expressed as percentage of the total number analyzed.
VP insertions were scored as described; minimum values are presented. n, Total number offull-length ends analyzed. Where an entire insertion could be considered a P nucleotide in relation to either of two ends (e.g., HPW-136 in Fig. 3 ) it was not included in the left-vs. right-end comparison. §No P insertion was (without ambiguity) >5 residues in these experiments.
The fine structure of the hairpin resolution junctions formed in NIH 3T3 cells was very similar to those isolated from the lymphoid cell lines. Some of the junctions were identical to the lymphoid isolates. All such cases possessed 1-or 2-base homologies at the crossover site (underlined in Fig. 4) , consistent with suggestions that short homologies between ends may tend to guide both V(D)J joining (for a recent discussion, see ref. 18 ) as well as end joining in general (19) . One difference overall was the absence of N regions in the fibroblast sample (Fig. 3C) . This was to be expected, based on other studies indicating that N region addition in NIH 3T3 cells is dependent on the introduction of a terminal deoxynucleotidyltransferase expression vector (20) . The NIH 3T3 cells appeared to be more proficient at hairpin DNA joining than the lymphoid cells (data not shown), although given that fibroblastoid and lymphoid cells required the use of different transfection protocols, an exact quantification of the difference was not attempted.
Structure of the Hairpin DNA Substrate. A critical consideration for these studies was the construction and integrity of the hairpin substrate. As detailed ( Fig. 2 ; Materials and Methods), the hairpin substrate was synthesized in a manner specifically designed to minimize the possibility of contamination with "open-ended" molecules. The initial ligation, which created a phosphodiester bond accounting for the covalent closure at the hairpin termini, was followed by two gel-purification steps, each of which would separate any nonligated material from the desired product. Moreover, the critical phosphodiester bond was required by the step in which fragments were "folded" (see Fig. 2 ). The two halves of the substrate, bearing preformed hairpin termini, were then assembled by ligation at a site several kilobase pairs removed from either end.
Isolate LEFT  p   GGCTGCAGGTC   GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC  GGCTGCAGGTC   P  RIGHT   GA   GA  GA  GA  GA  GA   QA   GACCT  GACCT   CCGGGGAT  CQGGGGAT   fLGGGGAT   CCCCGGGGAT   CQCCGGGGAT  CQCCGGGGAT   TCCCCGGGGAT  TCCCCGGGGAT  TCCCCGGGGAT  TCCCCGGGGAT   LA TCCCCGGGGAT   aA TCCCCGGGGAT FIG. 4 . Sets of identical junctions isolated from wild-type (prefix HPW), scid (prefix HPS), and fibroblastoid (prefix HPF) cells. Similar total numbers ofrecombinants were screened in the lymphoid samples. Sequences are displayed as described in Fig. 3 .
Because the assay for hairpin resolution involved bacterial transformation, it was important to investigate the extent to which hairpin end resolution could take place in E. coli. 
DISCUSSION
Hairpin Resolution and V(D)J Joining. Recircularization of a hairpin linear DNA molecule, barring involvement of an unprecedented joining activity, requires removal of the terminal 5'-to-3' phosphodiester linkage. This could be accomplished in any of several ways: (i) by breaking both strands of the linear DNA at some unspecified distance from the terminus, (ii) by direct hydrolysis of the terminal closure, or (iii) by introduction of a nick near the tip. It is important to note that only the last of these possibilities, the introduction ofa single-strand nick near, but not directly at, the hairpin tip, would create the single-strand extension necessary for generation of a P nucleotide insertion.
Vertebrate cells are proficient at connecting both cohesive and noncohesive DNA ends, but the exact steps involved in this process are not yet fully defined (reviewed in ref. 21 ). Postulated operations include alignment of ends (22) , replication of 3' (and 5') overhangs, trimming, and ligation. Despite the uncertainty surrounding the steps that intervene between the creation of a conventional terminus from a hairpin end, and the incorporation of this end into ajunction, the presence of P nucleotides in the final recombinant provides two definitive pieces of information. First, for every example of P insertion, the single-strand nick pathway is established as the mode of hairpin removal; second, the length of the P insertion itself indicates the closest position relative to the apex of the hairpin end at which this singlestrand nick could have been introduced. Biochemistry: Lewis Proc. Natl. Acad. Sci. USA 91 (1994) as mandated by the hairpin model (8) . A cell-free V(D)J joining system is not yet available, so that it is not possible to isolate a hairpin V(D)J recombination intermediate and chase it into product; however, the present study provides a critical link, demonstrating the creation of palindromic insertions in junctions from a hairpin DNA precursor.
The detection of hairpin resolution activity in fibroblastoid cells indicates that the ability to nick and join hairpin ends is present in cell types outside the lymphoid system and may be an important type of DNA metabolism in some circumstances. The observation that E. coli cells are not similarly equipped highlights the fact that the ability to efficiently resolve hairpin DNA is not universal. The significance of hairpin end resolution in mammalian cells, aside from its likely central role in V(D)Jjoining, remains to be determined.
With regard to antigen receptor gene assembly, although there could conceivably be hairpin end nicking activities other than that revealed in the present study, there is no evidence to indicate this is so. A more precise description of the site(s) of hairpin scission must await biochemical analyses; however, the observed resolution through nicking at positions removed from the exact tip suggests a specialized activity. Moreover, most of the junctions formed in the wild-type lymphoid cells shown in Fig. 3 are structurally indistinguishable from junctions created by site-specific recombination of V(D)J joining substrates in the same cell line (5) . This similarity extends as well to the hairpin resolution junctions and V(D)J joining products created in fibroblastoid cells ( Fig. 3C; ref. 20) .
Parallels between nonspecific end-joining products and V(D)J junctions, solidified by the present study, have been noted (19 Although results weigh against a specific hairpinprocessing defect in scid, end joining is clearly not normal in this background. End-joining deficiencies have been most obvious in experiments in which chromosomal breaks were monitored. Repair ofdamage induced by ionizing radiation or bleomycin (11) (12) (13) , integration of foreign DNA into the chromosome (25) , and rejoining of chromosomal breaks generated upon electroporation of restriction enzymes into scid cells (26) are all altered relative to wild-type cells. Curiously, recircularization of extrachromosomal DNA is affected much less, if at all (ref. 25 ; this study). An inference suggested by these observations is that while the enzymatic machinery involved in end joining is spared by the scid mutation, possibly the scid mutation interferes nonenzymatically with certain types of end-to-end interactions. It is conceivable that a facilitated type of encounter is involved in the rejoining of chromosomal breaks [and in the formation of all V(D)J junctions] but that, in extrachromosomal recircularization experiments, physical linkage of the ends instead ensures a reasonable probability of random collision.
In this regard, one subtle difference between hairpin resolutionjunctions and normal V(D)J joints may be significant. Some of the P insertions are longer in hairpin resolution junctions than is observed in V(D)J junctions ( Fig. 3 
